L actococcus lactis is a promising host for (membrane) protein overproduction.
Introduction
Membrane protein structures are under-represented in the PDB, and account for less than 1% of the database entries. A major bottleneck in studying membrane proteins is the difficulty to produce the molecules in their native state in sufficient quantities. It is often worthwhile testing more than one expression host because proteins that express poorly in one host may be produced in large amounts in other organisms. Over the past decade the Gram-positive bacterium Lactococcus lactis has been developed as a robust expression host for (membrane) proteins (Geertsma and Poolman, 2007; Geertsma, Groeneveld, et al., 2008; Morello et al., 2008; Kunji et al., 2003) . Protocols for cloning, expression and quality control of membrane proteins in L. lactis are available (Geertsma and Poolman, 2007; Geertsma, Groeneveld, et al., 2008) . The organism has proven to be particularly suitable for overexpression of complex, multisubunit proteins (such as ABC and TRAP transporters) and mammalian membrane proteins, often when E. coli failed to deliver (Kunji et al., 2005 (Kunji et al., , 2003 Geertsma and Poolman, 2007; Quick and Javitch, 2007; Mulligan et al., 2009; Monné et al., 2005) . To fully exploit the potential of the host for production of proteins to be used in crystallographic studies, we have developed a protocol for incorporation of selenomethionine (SeMet) into expressed proteins, which can be used for experimental phasing. Two proteins from L. lactis were tested for SeMet incorporation: The oligopeptide-binding protein OppA without lipid anchor (termed OppA*) was produced in the cytoplasm of L. lactis (Lanfermeijer et al., 1999) , and the ABC transporter for glycine betaine (OpuA), consisting of the two subunits OpuAA and OpuABC, was produced in the membrane (Heide and Poolman, 2000) . Using mass spectrometry and X-ray crystallography, we show that L. lactis can effectively incorporate SeMet in overexpressed proteins and produce amounts sufficient for crystallization and structure determination.
Results

Selenomethionine incorporation
L. lactis NZ9000 cells containing the expression plasmids were cultivated in chemically defined medium (CDM) to an OD600 of 1.5, after which the medium was changed to CDM containing SeMet instead of methionine, and expression was induced. OpuA was purified as previously described (Mahmood et al., 2006) and details of OppA* purification are presented in the methods section. The extent of SeMet incorporation in OppA* and OpuA was measured by mass spectrometry.
Purified proteins with and without incorporated SeMet were digested with trypsin and peptides were analyzed by MALDI-TOF MS. Selenium has 6 different naturally occurring isotopes ( 74 Se 76 Se 77 Se 78 Se 80 Se 82 Se), 5 of which have an abundance of more than 5%, making Se-Met containing peptides readily distinguishable from peptides containing methionine [ 32 S (95%) and 34 S (4.3%)] on the basis of their m/z value and the distribution of isotope masses ( Fig. 5.1A ). Peptides were matched to the amino acid sequence of each protein, resulting in the identification of tryptic peptides covering 56%, 42% and 29% of the protein sequences of OppA*, OpuAA and OpuABC, respectively. For OppA* the identified peptides contained 9 out of the total 14 (seleno)methionines, and for the OpuA complex 18 out of 38. The ratio of peak areas from SeMet-containing and wild-type peptides was calculated to estimate the incorporation efficiency. OppA* and OpuAA/OpuABC had 93% and 94% SeMet incorporated, respectively. MALDI mass spectrometry was also used to determine the masses of the intact SeMet substituted and wild-type proteins. The 
Crystallization and Structure Determination
OppA* was stripped of any co-purified peptide ligands by guanidium chloride treatment, which generates ligand-free OppA* (Lanfermeijer et al., 1999) , and the protein was crystallized by vapour diffusion as detailed in the method section.
SeMet-substituted OppA* yielded crystals belonging to space group P2 1 , with 1 protein molecule in the asymmetric unit and a solvent content of 42%. Singlewavelength anomalous diffraction (SAD) data were collected at the K-absorption edge of selenium on beamline BM16 at the ESRF, Grenoble. The data were of sufficient quality to allow the structure to be built in a semi-automated manner by SAD phasing using the Auto-Rickshaw server (Panjikar et al., 2005) (Fig. 5 .2). Thirteen out of the 14 possible selenium sites were identified and used for phasing, confirming the high efficiency of SeMet incorporation determined by mass difference Fourier map superimposed on a backbone trace of OppA*. Selenomethionine residues are highlighted in a balls-and-sticks representation (orange). The Se anomalous difference Fourier map was calculated between 61 and 2.4Å and contoured at 5σ is shown in blue. 13 out of a total 14 SeMet were visible in the map, SeMet at position 1 was in a disordered region of the protein. Peak heights are as follows: 36.3σ; 35.5σ; 32.7σ; 32.6σ; 22.0σ; 21.3σ, 20.2σ; 19.8σ, 17.8σ; 17.5σ; 17.3σ; 14.3σ; 11.7σ . No noise peaks were visible at a 5σ cutoff. B: Electron density (2Fo-Fc map contoured at 1.5σ) showing part of OppA*, visualizing the good quality of the experimentally derived phases. The protein is shown in a stick representation. Domain I has two sub-domains: domain I a (residues 18-82, 220-300 and 541-570, green), and domain I b (residues 83-219, blue). The hinge-region corresponds to the segments that link domain I a and domain II, i.e., the blue to orange transitions.
Discussion
Selenomethionine incorporation in proteins expressed in L. lactis expands the utility of the organism as protein production host. The first expression host used for SeMet incorporation was Escherichia coli (Doublié, 1997), but in the last decade SeMet has been incorporated into proteins produced in Baculovirus (W. Chen and Bahl, 1991; Bellizzi et al., 1999) , Saccharomyces cerevisiae (Bushnell et al., 2001) , Pichia pastoris (Larsson et al., 2002; Xu et al., 2002) and mammalian cells (Wu et al., 1994; Lustbader et al., 1995) . The SeMet incorporation efficiency of L. lactis is comparable to that of E. coli, and superior to that of the eukaryotic expression systems (Doublié, 1997) . L. lactis has proven to be a well-suited host for (eukaryotic) membrane protein over-expression (Kunji et al., 2005 (Kunji et al., , 2003 Geertsma and Poolman, 2007; Quick and Javitch, 2007; Mulligan et al., 2009; Monné et al., 2005) . The possibility to efficiently incorporate SeMet into those proteins makes the organism a complete protein production host for crystallography purposes.
Experimental procedures
Selenomethionine incorporation
For inducible production of OppA* in L. lactis NZ9000 (Ruyter et al., 1996) , the oppA* gene (Lanfermeijer et al., 1999) was inserted into vector pNZcLIC, using ligation-independent cloning (Geertsma and Poolman, 2007) . Production of the ABC transporter OpuA in L. lactis NZ9000 from plasmid pNZOpuAhis was done as previously described (Mahmood et al., 2006) . A 10 mL preculture was grown overnight at 30C in M17 medium (Oxoid), supplemented with glucose (0.5%) and chloramphenicol (5 µg/ml). The preculture was used to inoculate 1 L of chemically defined medium (CDM) composed of 10 mL vitamin mix, 10 mL metal mix, 10 mL base mix, 50 mL amino acid mix, 1 mL MnSO 4 × H 2 O, 0.25 g cysteine-HCl and 919 mL basic medium (see Table 5 .1 for the exact composition of the CDM), and containing 5 µg/ml chloramphenicol and 1% glucose. The culture was grown in a 2 L bioreactor (Applikon Biotechnology) at 30C, pH 6.5, stirred at a speed of 200rpm, until the OD 600 reached a value of 1.5. The cells were spun down in sterile centrifuge tubes for 10 min, 10000g, 30C, washed with 150 mL buffer (50mM KPi pH 7.0, preheated to 30 • C), spun down again and subsequently resuspended to the same OD 600 in 1 L CDM, with SeMet (0.84 mM) instead of methionine, and containing 5 µg/ml chloramphenicol plus 1% glucose. The culture was put back in the bioreactor and incubated for 20 minutes before inducing the expression with 0.05% (v/v) of culture supernatant of the nisin A producing strain NZ9700 (Ruyter et al., 1996) . The cells were grown until the OD 600 reached a value of 3 -5 and then harvested. Cells were resuspended to an OD 600 of ∼ 200 in 50 mM Tris-HCl pH 7.8, 300 mM NaCl (buffer A), frozen in liquid nitrogen and stored at -80 • C.
Purification of OppA*
Frozen cells were thawed at room temperature, and diluted 2-fold with buffer A. Subsequently, 100 µg/mL deoxyribonuclease type I, 10 mM MgSO 4 and 0.1 mM phenylmethanesulfonyl fluoride was added. The cells were broken by two consecutive passes in a cell disruptor (Constant Systems Ltd) at 39,000 psi, 5 • C.
Unbroken cells and cell debris were removed by ultracentrifugation, 267.000g, 4 • C for 75 min. The supernatant was collected (resulting in 50 mL lysate per liter culture), and 0.5 mL Ni 2+ -sepharose resin (Amersham Biosciences) was added per 
Purification of OpuA
OpuA was purified as described (Mahmood et al., 2006) . For SeMet-OpuA, the final yield was 50 µg of pure protein from 10 mg total membrane protein, which is similar to the yields of OpuA produced in L. lactis grown in normal CDM. α-cyano-4-hydroxycinnamic acid matrix (5 mg/ml in 50% ACN and 0.1% TFA, LaserBio Labs), spotted onto stainless steel MALDI targets and analyzed using either a 4700 or 4800 Proteomics Analyzer MALDI-TOF/TOF mass spectrometer (Applied Biosystems) in the linear mode. For mass spectrometry analysis of the intact OpuA complex the purified protein was spotted using the ultra thin layer method to increase the signal to noise levels (Cadene and Chait, 2000) .
Mass spectrometry analysis of SeMet substituted proteins
Crystallization and structure determination
Crystals of SeMet-substituted OppA* were grown by vapor diffusion in hanging drops. The drops consisted of 1 µL protein (10 mg/mL OppA*, 9 mM Na-MES, pH 6.0, 9 mM NaCl and 1 mM peptide (YGGFL)) and 1 µL reservoir solution (0.2 M NaCl, 0.1 M Na-Hepes, pH 7.0, 20% PEG 6000). Diffracting crystals were obtained after 24 hours of incubation at room temperature. Crystals were soaked in mother liquor supplemented with 42% PEG 6000 for 30 s and then flash cooled in liquid nitrogen. Single-wavelength dispersion (SAD) data to 2.38Å resolution were collected at the selenium K-absorption edge (wavelength: 0.979Å) on beamline BM16 at the ESRF, Grenoble, using a single crystal (0.15 mm x 0.15 mm x 0.2 mm).
Data processing and reduction were carried out using HKL2000 (Otwinowski and Minor, 1997) .
Data was submitted to Auto-Rickshaw, and the structure was solved using the SAS protocol of Auto-Rickshaw: the EMBL-Hamburg automated crystal structure determination platform (Panjikar et al., 2005) . The input diffraction data were prepared and converted for use in Auto-Rickshaw using programs of the CCP4 suite (Collaborative Computational Project Number 4, 1994) . FA values were calculated using the program SHELXC. Based on an initial analysis of the data, the maximum resolution for substructure determination and initial phase calculation was set to 2.38Å. 13 heavy atoms out of the maximum number of 14 were found using the program SHELXD (Schneider and Sheldrick, 2002) . The correct hand for the substructure was determined using the programs ABS (Hao, 2004) and SHELXE (Schneider and Sheldrick, 2002) . The occupancy of all substructure atoms was refined and initial phases were calculated using the program MLPHARE (Collaborative Computational Project Number 4, 1994) . Density modification and phase extension were performed using the program DM (Cowtan, 1994) . 39.8% of the model was built using the program ARP/wARP (Perrakis et al., 1999) . Auto-Rickshaw returned the partially built model, which was subsequently resubmitted to Auto-Rickshaw using the MRSAD protocol, combining SAD data with molecular replacement of the partially built model. The calculated electron density was of sufficient quality to let ARP/wARP build 89% of the residues, which Auto-Rickshaw returned. A few cycles of refinement using Refmac5 (Murshudov et al., 1997) , interspersed with manual model building using Coot (Emsley and Cowtan, 2004) , were necessary to complete the model. Water molecules were placed automatically in F o -F c Fourier difference maps at a 3 σ-cutoff level, and validated to ensure correct coordination geometries using Coot. Relevant statistics of the data collection, phasing and model refinement are given in 5.2. 
